We characterize the Mott insulating regime of a repulsively interacting Fermi gas of ultracold atoms in a three-dimensional optical lattice. We use in-situ imaging to extract the central density, and determine the local compressibility as a function of local density and interactions by making use of the variation of the chemical potential arising from the confining potential of the optical lattice. For strong interactions, we observe the emergence of a density plateau and a reduction of the compressibility at a density of one atom per site, consistent with the formation of a Mott insulator. Comparisons to numerical simulations of the Hubbard model set an upper limit for the temperature. We show that measurements of the local compressibility are useful for thermometry in a temperature regime above that where magnetic ordering develops. The Hubbard model, which describes spin-1/2 fermions in a lattice with on-site interactions, is one of the fundamental models in quantum many-body physics. It is a notable example of how strongly correlated phases emerge from simple Hamiltonians: it exhibits a Mott insulating regime, antiferromagnetism, and is widely believed to support a d-wave superfluid state in two dimensions (2D), which could explain high-temperature superconductivity as observed in the cuprates [1] . Despite intense efforts, an exact solution of the Hubbard model in more than one dimension and for arbitrary filling has evaded theoretical and computational approaches to this day. Complementing these approaches, the last decade has seen the development of ultracold atoms in optical lattices as a new and versatile platform for the study of many-body physics [2] . A degenerate gas of fermionic atoms in a three-dimensional (3D) optical lattice can be an almost ideal realization of the single-band Hubbard model, and offers the experimenter unprecedented control over the model parameters [3] . In this work, we have studied the Mott insulating regime of the Fermi-Hubbard model by measuring the central density and the compressibility of a two-spin component degenerate gas of fermions in a simple cubic lattice.
We characterize the Mott insulating regime of a repulsively interacting Fermi gas of ultracold atoms in a three-dimensional optical lattice. We use in-situ imaging to extract the central density, and determine the local compressibility as a function of local density and interactions by making use of the variation of the chemical potential arising from the confining potential of the optical lattice. For strong interactions, we observe the emergence of a density plateau and a reduction of the compressibility at a density of one atom per site, consistent with the formation of a Mott insulator. Comparisons to numerical simulations of the Hubbard model set an upper limit for the temperature. We show that measurements of the local compressibility are useful for thermometry in a temperature regime above that where magnetic ordering develops. The Hubbard model, which describes spin-1/2 fermions in a lattice with on-site interactions, is one of the fundamental models in quantum many-body physics. It is a notable example of how strongly correlated phases emerge from simple Hamiltonians: it exhibits a Mott insulating regime, antiferromagnetism, and is widely believed to support a d-wave superfluid state in two dimensions (2D), which could explain high-temperature superconductivity as observed in the cuprates [1] . Despite intense efforts, an exact solution of the Hubbard model in more than one dimension and for arbitrary filling has evaded theoretical and computational approaches to this day. Complementing these approaches, the last decade has seen the development of ultracold atoms in optical lattices as a new and versatile platform for the study of many-body physics [2] . A degenerate gas of fermionic atoms in a three-dimensional (3D) optical lattice can be an almost ideal realization of the single-band Hubbard model, and offers the experimenter unprecedented control over the model parameters [3] . In this work, we have studied the Mott insulating regime of the Fermi-Hubbard model by measuring the central density and the compressibility of a two-spin component degenerate gas of fermions in a simple cubic lattice.
The Hubbard Hamiltonian is given bŷ
Here, the indices i, j denote lattice sites, the spin states are labeled as σ = ↑ or ↓ , the angled brackets indicate summation over nearest-neighbors, t is the nearestneighbor tunneling matrix element, U (> 0) is the on-site interaction energy, µ is the chemical potential,ĉ † iσ (ĉ iσ ) is the creation (annihilation) operator for a fermion with spin σ at site i, andn iσ =ĉ † iσĉiσ is the density operator. Cooling and thermometry have been the greatest challenges for realizing the Hubbard model with ultracold atoms in optical lattices [4] . Even though the temperatures required for pairing and superfluidity in the Hubbard model [5] have not yet been reached, the last decade has seen steady experimental progress. This includes the observation of Fermi surfaces in a band insulator [6] , and the observation of the Mott insulating regime [7, 8] . For µ = U/2, the average density of the system is n = 1 particle per lattice site (half-filling). As the temperature, T , is reduced to T U , the system undergoes a smooth crossover to a Mott insulating regime, characterized by a suppression of the number of doubly occupied sites, a suppression of density fluctuations, and hence a reduction of the compressibility [9] .
At even lower temperatures, below the Néel temperature T N (∼ 4t 2 /U for U t), the system undergoes a phase transition to an antiferromagnetic (AFM) state. Recently, AFM spin correlations have been detected in 1D chains [10, 11] and in a 3D lattice [12] , demonstrating close proximity to the AFM transition temperature and, in the latter work, also establishing Bragg scattering of light to measure spin correlations for thermometry [12, 13] . Although the AFM state has not yet been achieved, strongly interacting fermions exhibit a rich set of incompletely understood properties which begin to emerge at temperatures currently attainable, including pseudogap physics and a strange metallic phase. For reasonably large values of U/t, the temperature scale of the Mott metal-insulator crossover is well above that of T N .
Realizations of the Hubbard model with ultracold atoms necessarily involve an overall confining potential and a finite number of particles. The presence of a trap, arXiv:1409.8348v1 [cond-mat.quant-gas] 29 Sep 2014 which results in a spatially varying chemical potential, presents a challenge for the interpretation of bulk measurements of the system; on the other hand, it offers the possibility to characterize multiple regimes within a single cloud [14] . The local density approximation (LDA), which takes each site to be part of a uniform system with properly adjusted chemical potential, has been shown to agree well with numerical calculations of the inhomogeneous Hubbard Hamiltonian away from the quantum critical regime close to the Néel transition [15] [16] [17] . It predicts the appearance of a 'wedding-cake' density profile with incompressible plateaus at n = 1 and n = 2 particles per site, which correspond to the local formation of a Mott insulator and a band insulator, respectively [16] .
Here we consider the local compressibility obtained from the LDA, by evaluating the conventional global compressibility on a uniform lattice with a matching density. If the trapping potential is well characterized, one can extract the local compressibility of the system from a measurement of the in-situ density profile, a procedure that has been previously demonstrated for a Fermi gas in a harmonic potential [18] , and for lattice bosons [14] . The global compressibility in a sample of trapped lattice fermions with a Mott insulating domain has been studied previously by using the dependence of a bulk measurement of the double occupancy fraction on atom number [7, 19, 20] , and by studying the response of cloud radius to changes in external confinement [8] . In contrast, the measurements presented here use the local density and its first derivative to obtain the local compressibility. The local character allows differentiation between the incompressible Mott insulating core and the compressible surrounding metal.
The isothermal compressibility of a gas is defined as
For atoms in a 3D lattice we consider the unitless quantity (t/a 3 )κ, where a is the lattice spacing. In the limit of zero lattice depth, t → − a 2π
2 )E r , where q is the quasimomentum,
is the recoil energy, and m is the mass of the particles. For a free gas with no interactions, the compressibility at zero temperature is given by κ 0 = 3 2nE F , where E F is the Fermi energy for each spin component. In this paper we consider the ratioκ, defined as
whereñ = a 3 n. In Fig. 1 we show theoretical results forκ at various values of T /t and U/t, obtained using determinantal quantum Monte Carlo (DQMC) [21, 22] , a numerical linked-cluster expansion (NLCE) [23] [24] [25] up to the eighth order in the site expansion, and a high temperature series expansion (HTSE) up to second order in T /t [26] . These three methods complement each other, and provide results over a wide range of interactions and temperatures. While NLCE can reach lower temperatures than DQMC at large U/t, the opposite is true at weak coupling. Figure 1 shows that the theoretical compressibility diminishes at half-filling and larger U/t as the system enters the Mott insulating regime, and atñ = 2, where a band insulator forms.
In our experiment, we produce a two-spin component degenerate Fermi gas of 6 Li atoms in the |F = 1/2; m F = +1/2 and |F = 1/2; m F = −1/2 hyperfine states, which we label |↑ and |↓ , respectively. The apparatus has been described previously [12, 27] . Briefly, the spin mixture is evaporated into a harmonic dimple trap and then loaded into a simple cubic optical lattice. We control the total number of atoms, N , by adjusting the final depth of the dimple trap. The temperature of the atoms in the dimple is measured by fitting the density distribution after time of flight. We obtain T /T F = 0.04 ± 0.02, independent of N within the range of atom numbers considered for this paper.
The optical lattice is formed by three retroreflected red-detuned (1064 nm) Gaussian laser beams of depth V 0 = 7 E r . The lattice depth is calibrated via lattice phase modulation spectroscopy, up to a systematic uncertainty of ±5%. Due to the Gaussian beam profiles, the lattice depth decreases with distance from the center, which results in increasing t and decreasing U/t. The lattice depth varies along the 111 body diagonals as
, where V 0 is the lattice depth at the center, r is the distance from the center and w L is the waist (1/e 2 radius) of the lattice beams. We make use of the broad Feshbach resonance in 6 Li at 832 G [28, 29] to set the on-site interaction strength, U .
The lattice confinement is compensated by the addition of three blue-detuned (532 nm) Gaussian beams which overlap each of the lattice beams but are not themselves retroreflected [12, 30] . The overall confinement in the lattice, which sets the density of the cloud, is adjusted by changing the intensity of the compensation beams. We create samples which appear spherically symmetric with slight adjustment of the intensity of the three independent compensation beams. The average value of the compensation depth is set at 3.8 E r , with a systematic ±10% relative error resulting from the calibration of w L and the compensation beam waists, w C . The beam waists along each axis are calibrated by measuring the frequency of radial breathing mode oscillations [31] . We find, up to a ±5% systematic uncertainty, the lattice beam waists to be w L = (47; 47; 44) µm and the compensation beam waists to be w C = (42; 41; 40) µm.
We measure the in-situ column density distribution of the atoms using polarization phase-contrast imaging [32] . This technique can be used to image dense clouds, in contrast to absorption imaging which is limited to small optical densities due to saturation. The imaging light was detuned by -150 MHz from state |↑ (-74 MHz from |↓ ), keeping the phase shift across the cloud below π/5 to avoid significant dispersive distortions of the image. Figure 2 shows azimuthal averages of the column density and density profiles; the latter are obtained from the former using the inverse Abel transform (which assumes spherical symmetry). The figure shows profiles for three different values of U 0 /t 0 (where U 0 and t 0 denote the values of the Hubbard parameters at the center of the   FIG. 3. (color online) Central density,ñ0 vs. atom number for various interaction strengths. The symbols show the average for a set of 5 to 10 independent realizations, with error bars indicating the standard deviation. The shaded regions are the results of numerical calculations for our trap at T /t0 = 0.6 (solid, green) and 2.4 (crosshatched, gray), with the width of each region corresponding to a ±14% systematic uncertainty in the value of U0/t0, arising from the ±5% uncertainty in V0. The uncertainty in the calculated density becomes relatively insensitive to uncertainties in U0/t0 for the two larger values of U0/t0, which are deep in the Mott regime. For T /t0 = 0.6 the total entropy per particle, S/(N kB), is between 0.5 and 1.0 for the ranges of N and U0/t0 shown in the figure. A temperature of T /t0 = 2.4 is chosen for comparison, as S/(N kB) in this case is between 1.5 and 2.4, which is similar to the range of 1.6 and 2.2 reported from the analysis of a previous experiment [33] .
trap), compared with profiles calculated for our trap potential using the LDA. For the numerical calculations we set T and the global chemical potential, µ 0 ; local values of U/t, T /t, and µ/t are then calculated using the known trap potential. The local values of the calculated density are obtained by interpolation, from NLCE and DQMC results for a homogeneous system calculated in a (U/t, T /t, µ/t) grid. For U/t ≤ 8, DQMC is be used to obtain results down to temperatures T T N at arbitrary µ/t. At large coupling, NLCE is used to obtain results down to T /t = 0.4. Because T /t diminishes with r, the lowest value of T /t 0 calculated for the trap is limited to T /t 0 = 0.6.
We obtain the central density of the cloud by fitting the measured column density with the integral, ñ(ρ, z) dz, of a flat-topped Gaussian functioñ
where ρ is the distance from the imaging axis, and the fit parameters are the central density,ñ 0 , flat-top radius, r 0 , and Gaussian 1/e radius of the cloud's wings, σ. The dependence ofñ 0 on atom number reflects changes in the compressibility of the cloud. In Fig. 3 vs. N for various values of the interaction strength U 0 /t 0 . The appearance of a plateau in n 0 around 1 is characteristic of the Mott insulating regime. Its persistence down to a moderate coupling, U 0 /t 0 = 11.1, is indicative of the temperature being at or below the tunneling energy scale in the system, as revealed by comparison with the numerical calculations; hence, we obtain an upper bound T /t 0 1.0.
We obtain the local compressibility,κ, from the derivative of the measured and calculated density profiles as
where the derivative of the local chemical potential depends on the trap parameters. For the data, the azimuthal average of the column density, and the inverse Abel transform are noisy at small radii, so, to avoid excessive noise in the determination of the radial derivative ofñ 2/3 , we restrict our analysis to r/a > 12. Figure 4 showsκ vsñ for the experimental data and for density profiles calculated at two different temperatures. A decrease of the compressibility nearñ, as expected for a Mott insulator, is observed for U 0 /t 0 = 11.1 and 14.5.
The central density and local compressibility, shown in Figs. 3 and 4 , respectively, show that the system enters the Mott insulating regime for values of U 0 /t 0 11. The temperatures determined by comparing the data with numerical calculations are consistent with our previous measurement in the same system, T /t 0 = 0.62 +0.05 −0.03 , obtained by measuring AFM correlations using Bragg scattering of light [12, 34] . Local compressibility, like the global double occupancy [33] , is best suited for T /t 0 1, where the entropy resides mainly in the "charge" degree of freedom, while Bragg scattering is sensitive to lower temperatures, where the majority of the entropy is in the spin sector.
We have shown that the local compressibility of a twocomponent Fermi gas in an optical lattice may be extracted from in-situ measurements of the column density. We have compared our measurements with DQMC and NLCE calculations obtained within the LDA. The data presented here shows Mott-insulating behavior for interaction strengths as low as U 0 /t 0 = 11, close to where T N is expected to be maximal, and where AFM correlations were observed to be maximal for this system [12] .
Measurements of local compressibility in an optical lattice, along with recently developed methods for detecting magnetic order, can improve our understanding of the onset of Mott insulating behavior in the Hubbard model and answer open questions about its proximity to the AFM phase in different coupling regimes. Measurements of the compressibility away from half-filling can also have important implications for the nature and extent of the non-Fermi liquid state of the 2D Hubbard model [35] [36] [37] at relatively high temperatures [38] . Finally, as has been recently shown [39, 40] , sharp signatures of phase separation and stripe formation are evident in the compressibility, raising the possibility that this central property of cuprate superconductors and of the Hubbard model might be accessible to this diagnostic.
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